Simulations of nanoscale systems are important from the understanding point of view of the physics and chemistry involved in describing observed phenomenon. This paper presents the results of systematic theoretical investigation of the structural and magnetic properties of goldiron complexes at small size scale. Ab initio calculations are performed for Au n Fe m with and without the presence of a sulfur atom, i.e., the clusters Au n SFe m , where n, m = 1 -5. The study also includes Au 6 SFe and Au 12 Fe in order to investigate how the fully wrapped Fe atom responds to the Au atoms .The study mainly focuses on the geometrical and magnetic changes with a step by step removal of the sulfur atom as a function of the cluster size. It is found that average Au-Fe bond length is increased with increasing number of atoms in the cluster. An increase of Au-Fe bond length would have increased the magnetic moment of the Fe atom, but due to the hybridization of Au and Fe orbitals, the moment converges to about 3.00 B . This value is higher than the magnetic moment of Fe atom in bulk gold. An enhanced magnetic moment is found on Fe atom even if it is fully wrapped by the Au 12 octahedral cluster. From this study it is found that, the cluster stability is increased on the addition of a single sulfur atom to the Au n Fe m clusters. A special stability is observed in Au 4 SFe, Au 6 SFe, Au 12 SFe and Au 4 SFe 2 clusters as the sulfur atom in these clusters is found to be doubly bonded. Generally, the systematic studies on the small sized clusters show an enhanced magnetic moment on the iron atoms bonded to the gold atoms as compared to the corresponding bare iron clusters. This indicates that, the magnetic moment of iron atoms can be enhanced by a complete coating with gold atoms for practical applications. This complete coating can prevent iron from oxidation and may also prevent coalescence of iron clusters and formation of thromboses. The coupling of iron atoms in this work remains ferromagnetic irrespective of the number of gold atoms in the cluster.
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per atom will decrease (although nonmonotonically) with increasing cluster size, i.e., when atoms in the clusters have more nearest neighbors (Ganteför et al., 1996) . Apart from molecular electronics (Häkkinen et al., 1999) and catalysis (Boccuzzi and Chiorino, 2000) , gold-containing nanometer sized structures have exciting applications in the area of medical science (Sun et al., 2004 ) such as for cancer treatment. Conventional methods of treating malignant tumors such as surgery, radiation, and/or chemotherapy are either invasive or have adverse side effects.
Nanostructural particles which have the same length scales as those of tumors provide some attractive possibilities where this noble goal may some day be achieved. Sun et al. (2004) studied the effect of gold coating on the optical properties of a nanosilica cluster using time-dependent Density Functional Theory (DFT). They observed a reduction of the optical gap which makes it possible to absorb near infrared light (NIR). They termed this cluster as a "nanobullet for tumors" since it causes an irreversible thermal cellular destruction by conversion of the NIR light into heat and finally kills the cancer cells. Gold nanoparticles do not fluoresce but effectively scatter light, exhibiting a range of intense colors in the visible and NIR spectral region (Aizpurua et al., 2003) . Gold nanoparticles are optically stable.
For a better efficiency of the cancer treatment, magnetically directed drug delivery combined with hyperthermia can greatly improve the performance of current procedures. An external magnetic field may be used to manipulate magnetic nanoparticles. The magnetic force acting on a point-like magnetic dipole m is defined by Vijay et al. (2008) as below.
Where B is the magnetic induction. Ferromagnetic (FM) particles possess hysteretic properties when exposed to a time varying magnetic field, which gives rise to magnetically induced heating.
The amount of heat generated per unit volume, P FM , is given by the frequency, f, multiplied by the area of the hysteresis loop (Ortega and Pankhurst, 2013 ):
where H is the strength of the external magnetic field and M is the magnetization given by M = m/V , magnetic moment per unit volume where m is the magnetic moment on a volume V of the nanoparticle and  0 is the permeability of free space. The strategy is to implant a nanoparticle near a cancer cell that can be heated through NIR light or an alternating magnetic field. The resulting heat can then destroy the tumor cells without damaging the healthy tissues. Since the
magnetic field can penetrate deep into the tissue, the use of magnetic fluid hyperthermia provides a versatile method to treat a variety of tumors such as anaplastic astrocytomas or glioblastomas.
An ideal nanoparticle for this application should be a strong magnet which is biocompatible and resistant to corrosion as well as aggregation.
The conventional nanoparticles that are widely used in experiments and animal testing involve iron oxides. However, the magnetic strength of iron oxide is not as high as that of pure iron and there is significant interest in developing alternative high moment nanoparticles for specific biomedical applications. In fact, the ability to control size, shape, and composition of magnetic iron nanoparticles can provide flexibility for applications in cell labeling, magnetic resonance imaging (MRI), drug delivery and DNA separation (Mornet et al., 2004) . Unfortunately, bare Fe particles cannot directly be used for the following reasons: (1) Free iron is toxic because of its propensity to induce the formation of dangerous free radicals. (2) They can easily aggregate to form larger particles, thus resulting in the formation of thromboses. (3) They can easily be oxidized, which in turn will weaken their magnetic property.
In another experimental study, gold-coated acicular and spherical shaped iron nanoparticles were characterized using transmission electron microscopy (TEM) and alternating gradient magnetometry. It has been found that the gold-coated nanoparticles were more resistant to oxidation and corrosion than the uncoated particles, and the gold shell was more uniformly distributed on the spherical particles than on the acicular ones (Chen et al., 2003) .
In spite of these experimental studies, a fundamental understanding of how gold interacts with an iron core is still lacking. For example: (1) Does gold coating enhance or reduce the magnetic moment of iron and how does it change as the thickness of the coating is increased? (2) Do the iron atoms continue to couple ferromagnetically when the cluster is coated with gold? (3) Does the geometry of the iron core change when it is coated with gold? (4) How does the reactivity of On the theoretical front, very few studies have been carried out on noble metal coated metal nanoparticles. Tight binding based theoretical calculations (Guevara et al., 1999) were performed to understand the properties of Cu covered cobalt clusters. In a DFT based study, Wang et al.
magnetic properties of gold-coated iron nanoparticles in various size ranges. They have shown that, coating of gold not only prevents the iron core from oxidation but also keeps the strong magnetic nature of iron alive. It is also observed that, the magnetic moment of the iron core is larger than its bulk value.
Magnetic particle hyperthermia is potentially the most significant and technically disruptive of the currently known biomedical applications of magnetic nanoparticles. Recent developments indicate that this highly specific and targetable method of localized remote heating of bodily tissue could revolutionize clinical practice in the treatment of cancer, either as an adjunct to radiotherapy and chemotherapy, or as a stand-alone intervention (Ortega and Pankhurst, 2013) .
Motivated by the practical application of gold-coated clusters, the author has studied computationally the interaction of small gold clusters with iron clusters.
COMPUTATIONAL DETAILS
First-principle calculations have been performed using pseudopotential method, as implemented in the QUANTUM ESPRESSO/ PWSCF package (http://www.pwscf.org), and DFT (Hohenberg and Kohn, 1964; Kohn and Sham, 1965) . The electron-ion interaction was described by ab-initio using the projector augmented plane-wave (PAW) (Blöchl, 1994) . PAW methods allow a considerable reduction in the number of plane-waves per atom for transition metals and first row elements and is more appropriate for simulations of systems containing transition metal elements.
The PAW pseudopotential takes into account the relativistic effects as a contraction of the swave functions and an expansion of the d-wave functions. The total energy has been obtained by solving the standard Kohn-Sham (KS) equations using self-consistent method. The spinpolarized version of the generalized gradient approximation (GGA) is employed, as prescribed by Wang and Perdew (1991) , for the exchange-correlation energy functional parameterized by Vosko et al. (1980) . The valence wave function is expanded in the plane wave basis set with a kinetic energy cutoff of 280.00eV for the interaction of the Fe containing clusters. In the case of gold it is crucial to include 11 valence electrons (5d 10 6s 1 ); for Fe 8 valence electrons (3d 7 4s 1 ) are included and for sulfur 6 valence electrons (3s 2 3p 4 ) are used in the calculations. The convergence criterion is considered to be 10 -4 eV for the total electronic energy. A cubic supercell of size 20Å
is taken for the small clusters and of size 24Å for the clusters with 12 Au atoms. Periodic boundary conditions are imposed on the box. The clusters are positioned at the center of the cell.
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The  point is used to sample the Brillouin zone since a large supercell is employed. When the components of the forces on atoms are less than 0.005eV/Å, the structural optimization is taken to be converged. Structural optimizations are performed using a conjugate gradient method.
The calculation is carried out taking different starting geometries including 2D and 3D of Au n Fe m and Au n SFe m clusters, with the restriction that, the S atom is bonded to one of the Au atoms through the S atom at the start of the simulation: The optimization of the cluster proceeds step by step to get the lowest energy structures of Au n SFe m and Au n Fe m cluster. The goal is to study how the planar geometry of the gold cluster is affected by the dopants.
RESULTS AND DISCUSSION
The properties of neutral and cationic Au clusters and their interaction with H 2 S molecule is described in Hagos and Anjali (2007a) and the interaction of a single sulfur atom with cationic Au clusters is discussed in Hagos and Anjali (2007b) . In the present work, the interaction of neutral gold clusters with iron clusters in the presence and absence of S atom is investigated. The first part of this section deals with the ab initio calculation of possible geometries of Au n Fe clusters, (with n = 1 -6, 12) with and without the presence of S atom. Then the number of Fe dopant atoms is increased in steps and the same calculation is repeated for each cluster.
Geometrical structures, binding energies and magnetic properties are presented as a function of the number of gold atoms in the cluster for each Fe atom doped in the cluster. The bond length of Fe dimer in our calculation is 1.98Å and the magnetic moment is 2.82 B which is in agreement with the results of Purdum et al. (1982) , Castro and Salahub (1994) , and Dièguez et al. (2001) .
To the best of my knowledge, there exists no report on the interaction of a single sulfur atom with a gold coated iron clusters. In order to understand the chemistry of the sulfur-gold and goldiron interface, results of a gold coated or shielded iron nanoparticles in the presence and absence of a sulfur atom are presented.
Geometry and Magnetization

3.1.1.Au n SFe and Au n Fe clusters
In figure 1 the calculated equilibrium geometries of the lowest energy structures of Au n SFe and It is understood that the presence of an S atom in a relatively large gold cluster tends to bend the cluster for a better compactness leading to a 3D structure, for example Au 7 S (Majumdar and Kulshreshtha, 2006) and Au 7 S + (Hagos and Anjali, 2007b) . However, in Au 6 SFe cluster, the Fe atom prefers to be surrounded by the Au atoms. The tendency of the gold clusters to preferably have a 2D structure results in a slight bending so that greater bending angle is maintained between the planes. Generally, the presence of the Fe atom does not seem to affect the 2D nature of gold clusters as reported in Hagos and Anjali (2007a) .
Recent studies have shown that, the structures of small gold clusters clearly differ from other coinage metal clusters: gold clusters prefer to be planar up to fairly large size (Häkkinen Landman, 2000) . The preference for planar structure is related to the large mass of the gold atoms. Relativistic effects lower the energy and shrink the size of the 6s orbital, allowing a larger degree of 6s-5d hybridization and therefore stronger and more directional Au-Au bonds (Pyykkö, 1988) . The overlap of the 5d orbitals is optimal for planar configurations. Magnetic moment of the Fe atom is shown in figure1 at the bottom right side of each cluster geometry. The Au-S bond length and the induced magnetic moment on the S atom are also shown in the same figure at the top of the respective geometries In all of the clusters presented here, the Fe atom does not prefer to be at the peripheral site of the structure. Au-S bond length is observed to be higher when the S atom is doubly and triply bonded with Au atoms than singly bonded.
In the single gold atom clusters, figure1 (I-a,b), the Fe atom forms a dimer with the gold atom. In 2.33Å and the magnetic moment of the Fe atom as 3.44 B . We found a magnetic moment of 3.58 B which is higher than their value, may be because of the higher bond length, 2.39Å, that is, found in this work. Another interesting observation in figure 1 is the induced magnetic moment on the S atom. There is a significant magnetic moment induced on the S atom in Au n SFe clusters.
The odd/even staggering of this moment is clearly seen with a very low value in the structure of Au 4 SFe cluster. In general terms, the magnetic moment of the Fe atom in Au n SFe clusters decreases with increasing n or with increasing coordination number. Greater bond length favors larger moment whereas increasing coordination of the Fe atom reduces its moment. The reduction of magnetic moment of the Fe atom in Au n Fe with increasing n is mainly due to the increasing coordination numbers although the average Au-Fe bond length also increases slowly.
The Au atom in the AuSFe and AuFe clusters is found to be polarized ferromagnetically with respect to the Fe atom.
In the clusters with even number of gold atoms, all of the Au atoms are positively polarized. In summary, the maximum average Au-Fe bond length for Au n Fe clusters discussed above (n=1- (Khmelevskyi et al., 2004) . Thus, one can conclude that, the magnetic moment of a Fe atom in
Au has saturated to a value of about 3.00 B . here with Fe dimer bond length equal to 2.26 Å but this geometry is found to be 0.17eV higher in energy than the structure shown in figure 2 (II-a).
Au n SFe
The first 3D structure appears in the clusters containing three Au atoms as shown in figure 2 (III).
In these clusters the Fe dimer remains surrounded by the Au atoms. The Fe dimer in Au 3 SFe 2 cluster has one Au atom on one side and two Au atoms, one bonded to S atom, on the other side.
The clusters containing four Au atoms are all 3D with the Fe dimer bounded by the Au atoms.
The structure of Au 4 SFe 2 cluster shown in figure 2 (IV-a) is interesting. It is only in this cluster that we found the S atom bonded to an Fe atom. The average Fe-S bond length of this cluster is found to be 2.16 Å which is a bit smaller than the Au-Fe bond lengths.
Recent experiments suggest that gold-coated iron oxide nanoparticles can effectively bind with some sulfur containing amino acids such as cysteine and methionine (Kinoshita et al., 2005) .
These amino acids are responsible for some important biological functions. Sun et al. (2007) have studied theoretically the interaction of amino acids with gold coated iron oxide particles and
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the effect of gold coating on the magnetic moments of the iron oxide core. They showed that, gold coating preserves the magnetism of the iron core while enhancing its stability. The gold coated iron oxide particle can selectively bind with sulfur containing amino acids. Molecules containing sulfur atoms are often used as surfactants, since they form particularly stable gold nanoclusters due to the strength of the gold sulfur bond. Stable iron sulfide clusters were found by Zhang et al. (1996) using photoelectron spectroscopy techniques. However, the magnetic moment of the Fe atoms, given at the bottom in brackets of each cluster geometry is found to be sensitive to these changes. Accordingly, the average magnetic moment of the Fe atoms in Au n SFe 3 clusters increases as the average Fe-Fe bond length increases with increasing n. In figure 3 (II-a,b) , one can observe that, there is hardly any effect on the average magnetic moment of the Fe trimer whether the cluster contains an S atom or not. All Au atoms of cluster. Therefore, we can say that, these clusters, namely AuSFe 3 and AuFe 3 generally serve as building blocks for the growth, respectively of Au n SFe m and Au n Fe m , for m  3 clusters.
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As shown in figure 4 , the average Fe-Fe bond length increases with the total number of atoms in the cluster for each species. The same observation is seen with the increase of Fe atoms as well.
Most important observation in this work is that, the Au atoms prefer to be on the peripheral side than the Fe atoms in the cluster. In other words, the Au atoms are trying to surround the Fe than Fe(1.27Å) (Kittel, 1996) , the Fe atoms prefer to be bounded by the Au atoms. 
an enhancement of the magnetic moment of the Fe clusters is observed, on coating with the Au atoms, by about 1.3% to 17.0% (discussion of bare Fe clusters is not included in this work).
In general, the average magnetic moment in Fe atom seems to decrease slowly and converges to a value greater than 3.00 B , which is the magnetic moment of a Fe impurity in bulk Au (Khmelevskyi et al., 2004) . Thus, one could conclude that, the magnetic moment of Fe in Au has saturated to a value greater than the value in bulk iron. This study shows that, the coupling between the Fe atoms remains ferromagnetic irrespective of the number of gold atoms and the presence of the S atom in the clusters. However, whenever the Au atoms are antiferromagnetically coupled with the Fe atoms or not, the magnetic moment of the Fe atom is observed to be smaller in comparison to the situation when they are ferromagnetically coupled.
The trend of the average magnetic moment of the Fe atoms is similar to that of the total magnetic moment of the clusters as discussed earlier.
This study includes the simulation of Au 32 Fe 6 spherically symmetrical cluster where the Fe atoms are found to be completely covered by the Au atoms as shown in figure 5 . The size of the cluster is on the average 8.4Å in diameter, where as the average Fe-Fe and Au-Fe bond lengths are respectively 2.39Å and 2.78Å. The average magnetic moment on the Fe atoms is found to be 3.20 B which is greater than the bulk iron. This bigger cluster is still found to provide an appreciable amount of magnetic moment on the Fe atoms which justifies the convergence of the magnetic moment to about 3.00 B .
Figure 5. Optimized geometry of Au 32 Fe 6 cluster.
Binding Energy
In this work, the stability of the clusters shown in figures 1 to 4 are discussed based on the calculated binding energy (BE) using the following two equations. cluster shown in figure 2(IV-a). This is in agreement with the experimental result of Zhang et al. (1996) . They observed stable iron sulfide clusters using photoelectron spectroscopy techniques.
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In Au n Fe m clusters, the Au 2 Fe cluster shows enhanced binding energy which is also reflected in the Au-Fe bond length. In this family of clusters, the average Au-Fe bond length is small in Au 2 Fe cluster. 
CONCLUSION
This paper presents ab initio calculations to study the equilibrium geometries, electronic structure and magnetic properties of the gold-iron hetro-clusters. The specific clusters used are of the form Au n Fe m and Au n SFe m clusters. Generally, it is found that, the use of one Fe atom in the small clusters (n ≤ 6) results in a 2D structure for the Au n Fe part of the clusters at the small size.
The 2D nature of Au n clusters is not affected by the addition of one Fe atom.
In the structures of Au 4 SFe and Au 6 SFe clusters, the S atom is found to be doubly bonded where as the cluster Au 12 SFe is triply bonded to Au atoms. These clusters are found to be more stable
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as the S atom increases the stability of Au clusters. In the other small clusters, the S atom is bonded to a single Au atom only. The Au-S bond length is greater in the clusters where the S atom is doubly bonded with the Au atoms as compared to the other Au n SFe m clusters. The average Au-Fe bond length is seen to increase with the increasing number of atoms in the clusters. The increase of Au-Fe bond length is expected to increase the magnetic moment of a Fe atom, but due to the hybridization of Au and Fe orbitals, the moment converges to about 3.00 B .
However, an enhanced magnetic moment is found on the Fe atom when it is fully wrapped by the Au 12 octahedral cluster and the spherically symmetrical Au 32 cluster. For values of m  2, 3D structures start at (n,m) = (3,2) clusters.
In this work, the spectrum of the graphs of Fe-Fe bond length plotted against the combination of (n,m), the number of Au and Fe atoms respectively in the cluster, shows an increase in the average Fe-Fe bond length. From this study it is found that, the cluster stability increases on addition of a single S atom to the Au n Fe m clusters. A special stability is found in Au 4 SFe 2 cluster since its S atom is bonded to Au and Fe atoms. The introduction of the S atom makes the Au-S bonding more favorable, as the 3p energy level in S is significantly closer to the 6s orbital energy in Au. The human body also contains sulfur (mainly in the proteins distributed in all cells and tissues) and can easily bind to gold which is biocompatible for functionalization. Moreover, during the interaction with Au atoms, it is found no visible structural changes in the geometry of the iron clusters which are reported by Dièguez et al. (2001) except for some re-orientations around the Au-Fe interface. Based on the electronegativity of Au and Fe, the bonding between Au and Fe is said to be ionic.
To summarize the results, small clusters containing Au and Fe atoms are studied which can be used in biomedical applications. An enhanced magnetic moment is found on the Fe site when bonded to the Au atoms as compared to bare Fe atoms. This leads to a conclusion that, the magnetic moment of Fe atoms can still be enhanced by completely coating with Au atoms for practical applications, as is seen in Au 32 Fe 6 cluster (Fig 5) . This complete coating can prevent iron from oxidation and may also prevent their coalescence and formation of thromboses.
Magnetic nanoparticles are now routinely used as contrast agents for the mononuclear phagocyte system (MPS organs) (liver, spleen and bone marrow) and very soon for lymph nodes. It is obvious that, future developments will be in the direction of active targeting through molecular imaging and cell tracking. Therefore, in the case of cancer diagnosis, the next challenge for the
future is the generation of functionalized surfaces of these particles. Finally, this work can be closed by hoping that, these nanoparticles may bring a fundamental solution in the very near future for the cancer patients in the world.
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